By using nonequilibrium Green's functions and the equation of motion method, we formulate a self-consistent field theory for the electron transport through a single molecular junction (SMJ) coupled with a vibrational mode. We show that the nonequilibrium dynamics of the phonons in strong electron-phonon coupling regime can be taken into account appropriately in this self-consistent perturbation theory, and the self-energy of phonons is connected with the current fluctuations in the molecular junction. We calculate the finite-frequency nonsymmetrized noise spectra and the ac conductance, which reveal a wealth of inelastic electron tunneling characteristics on the absorption and emission properties of this SMJ. In the presence of a finite bias voltage and the electron tunneling current, the vibration mode of the molecular junction is heated and driven to an unequilibrated state. The influences of unequilibrated phonons on the current and the noise spectra are investigated.
I. INTRODUCTION
The study of electron transport through singlemolecule junctions (SMJs) have attracted great research interest in recent years.
1,2 One of the prominent features of molecular junctions is the essential role played by the vibrational degrees of freedom (phonons or vibrons).
3-6
The coupling between the tunneling electron and the phonons in SMJs gives rise to a variety of interesting phenomena, e.g., a strong current suppression at low bias voltage termed Franck-Condon blockade in experiments on the suspended carbon nanotube quantum dots, 4 side peaks of differential conductance due to the inelastic tunneling of electron accompanied with the emission or absorption of vibrons, 5 and the ubiquitous appearance of negative differential conductance in the measured current-voltage characteristics. 6 The theory of electron tunneling through a junction with vibrational modes was pioneered by Glazman et al. 7 and Wingreen et al.'s works, 8 in which analytical results for transmission probability are obtained based on single particle approximation. In the last decade, a number of different methods and approximations are utilized to address this problem. [9] [10] [11] [12] [13] In the high temperature case, the sequential tunneling of electron through the SMJ and also the cotunneling effects were investigated within the rate equation approach, 11, 14 and giant Fano factors due to the avalanche-like transport of electrons was predicted in nonlinear transport regime.
14 In the low temperature and the weak electron-phonon interaction (EPI) case, interesting phonon effects on the current-voltage and the shot noise characteristics of this system were predicted within perturbation theory using the nonequilibrium Green's function (GF) method.
15-18
The study of the strong coupling regime at low temperature is a more challenge problem. Based on a polaron transformation of the Hamiltonian, Galperin et al. 19, 20 proposed a self-consistent perturbation theory to treat the strong coupling regime by using the equation of motion method of the nonequilibrium GF. Härtle et al. 21 extended this method to the treatment of the systems with the several vibrational modes, and studied the nonequilibrium vibrational effects and also the quantum interference effects on the I-V characteristics. Recently, the full counting statistics of currents and the zero frequency shot noise of SMJs in the strong EPI region were also addressed.
22,23
In addition to the dc characteristics, the ac response and finite-frequency noise properties 24 of SMJ are also important for their potential applications in future quantum devices. Recent experiments have addressed the dynamical properties for semiconductor quantum dots in the high frequency regime. 25, 26 With the rapid progresses in the field of molecular electronics, one can expect that the ac response properties in SMJ can be probed by experiments in the near future. However, the ac properties of SMJs or quantum dots coupled with vibrational mode were only addressed in a few theoretical works 27, 28 in the weak coupling regime. To a large extent, the ac properties and transient dynamics 29, 30 of SMJ are not extensively investigated and still remains elusive.
In this paper, we will present the results of our investigation on the finite-frequency current noise spectra and ac conductance of the SMJ system within the nonequilibrium GF formalism. 31 A self-consistent perturbation theory for calculations of the current and the current fluctuations in the strong EPI regime is formulated. By using the equation of motion approach, we first show that the previous self-consistent field theory 19, 20 can be improved by noticing the fact that the self-energy of the phonons in the SMJ is determined by the current fluctuations in this system. Then, we derive an analytical expression for the nonsymmetrized noise spectra 32 by applying functional derivatives to the current formula. Consequently, the ac conductance can be obtained from the nonsymmetrized noise spectra by using the out of equilibrium fluctuation-dissipation theorem. 33 In our numerical calculation, we find pronounced phonon effects on the absorption and emission spectra in the source and drain side leads and also on the ac conductance. By taking into account the phonon self-energy and relaxation effect, the effects of phonon heating 11, 34, 35 are considered when the SMJ is driven to nonequilibrium state by a large bias voltage. We show that the unequilibrated phonons lead to a general suppression of the current and also smears out some inelastic tunneling features on the I-V curve and the nonsymmetrized noise spectra. But negative contributions to the zero frequency shot noise by inelastic tunneling processes are obvious at intermediate values of EPI strength.
The organization of the paper is as follows: In Sec. II, the model Hamiltonian and the generic current formula are given for the system in the presence of external time-dependent measuring fields. In Sec. III, we derive the self-consistent equations for the nonequilibrium GFs of phonon and electron. In Sec IV, we give analytical expressions for the current-current correlation functions and also the ac conductance. In Sec. V, some numerical calculations on the current noise spectra and ac conductance are presented. Section VI is devoted to the concluding remarks.
II. MODEL
We consider a molecular quantum dot which has only one energy level (with energy ǫ d ) involved in the electron tunneling process, and is also coupled to a single vibrational mode (phonon) of the molecular having the frequency ω 0 , with the EPI strength g ep . The electron can tunnel between the molecular quantum dot and the left and the right electron leads. Hence, this system will be described by the Anderson-Holstein model:
where η = L, R denotes the left and right leads, and λ η (t) is an external gauge potential (measuring field) coupled to the tunnel current from the lead η to the molecular junction. We will show in the context that the measuring field λ η (t) provides a convenient tool 36,37 for calculating various correlation functions of currents within the Schwinger-Keldysh formulation. It should be noted that we neglect the on-site Coulomb interaction in the molecular QD and consider a spinless electron model. Applying a canonical transformatioñ
with S = gd † d(a † − a) and the dimensionless parameter g = g ep /ω 0 . The transformed Hamiltonian becomes
with the phonon shift operator X = e g(a−a † ) , X † = e −g(a−a † ) and the renormalized energy levelǫ
In the transformed Hamiltonian, the direct coupling between the electron and the phonon is eliminated, but the dot-lead tunneling amplitude is modified by the phonon shift operator X, which is responsible for the observation of the Frank-Condon steps in the currentvoltage characteristics of this SMJ.
The electric current from the lead η to the molecular dot I η (t) = −e dNη dt , is given by
(4) It is convenient to introduce the composite operators of electron:
and the corresponding contour-ordered GF:
. Then by equation of motion method, one can express the current as a integration on the closed-time contour over the combination of the GFs of the composite operator and the lead's operators as follows
with the phase factor φ η (t, t 1 ) = λ η (t) − λ η (t 1 ), and
g kη (t, t ′ ) being the bare GF of the lead.
III. SELF-CONSISTENT PERTURBATION THEORY
In this section, a self-consistent perturbation procedure for studying the out of equilibrium phonon and electron dynamics in this SMJ is outlined, which is based on the previous self-consistent perturbation theory suggested by Galperin et al., 19, 20 but we find that the calculations on the phonon dynamics can be improved as shown in the following.
First, we will derive a generic relation between the phonon dynamics and the current fluctuations in this system. To study the phonon dynamics, one introduce the phonon momentum operator and phonon displacement operator
and also the contour-ordered GF
To obtain the self-consistent equation for the phonon GF D Pa , one can first derive the equation of motion in the Heisenberg picture for the phonon momentum and displacement operators P a and Q a , respectively as
where the particle current operator
which differs from the charge current operator only by the electron charge constant (I η = ej η ).
Then, introduce a differential operator
and apply it to the GF D Pa in Eq. (8) . It gives rise to
Next, applying the operator D 
where
, is the particle current correlation functions between the leads η and η ′ . It should be noted that here we have restricted our consideration to the steady state, and used the current conservation condition for a steady state, η j η (t) = 0. The above differential equation can be rewritten as an integral equation
with the self-energy term given by
As in Refs. [19, 21] , we will make an approximation to replace the bare GF D 
The above equation indicates that the self-energy for the GF of the phonon momentum operator is generated from the current fluctuations through the molecular junction. If one can express S p ηη ′ in terms of the phonon GF D Pa and the electron GF G c , then a self-consistent procedure of calculation can be fulfilled. We will discuss how to obtain analytical expression of S p ηη ′ in the next section. It should be noted that the self-energy term in Eq. (16) has contributions not only from current correlations in the same leads but also from cross current correlations between the left and the right leads.
It is interesting to observe that the retarded(or advanced) and lesser(or greater) GFs of current operators are directly related to that of the phonon momentum operator in this system, for instance
Therefore, in an out of equilibrium steady state, we can study the damping effect and also the occupation number of phonons by studying the emission and absorption parts of current noise spectra in leads. This reflects the coupling and the energy flow balance in the dynamics of electron and phonon degrees of freedom in this nonequilibrium system. using the usual non-crossing approximation, one can decouple the electron and phonon dynamics
This decoupling is similar to the Born-Oppenheimer adiabatic approximation in the study of electron-nuclear dynamics of molecular system. One can understand that the motion of electron are influenced by the timedependent fluctuations of potential generated by the phonon mode in the molecule, then the correlation function K will account for the correlations of this kind of potential at different time. Then the correlation function K will be expressed in terms of the phonon GF by using the second order cumulant expansion
Based on the transformed Hamiltonian of Eq. (3), we apply the equation of motion method and also the decoupling approximation in Eq. (20), it is straightforward to see that the electron GF G c (t, t ′ ) satisfies the nonequilibrium Dyson equation
We introduce a quantity
, then the the expression for the self-energy can be written as
This kind of notations can simplify our formal derivation of current and current fluctuation formula in the next section. One sees that once the correlation function K is calculated, it will be straightforward to obtain the selfenergy Σ c and the electron GF G c .
IV. CURRENT FLUCTUATION AND THE AC CONDUCTANCE
In this section, we will derive analytical expressions for the current fluctuations and ac conductance in this molecular junction in the framework of self-consistent perturbation theory. By using the definition of selfenergy Σ (0) η in Eq. (26), it is easy to observe that the current from the lead η to the molecule given by Eq. (5) can be rewritten as
Using the operational rules given by Langreth for contour integration, 31, 38 one can show that this formula is equivalent to the current formula obtained by Jauho et al. for electron transport through a quantum dot, 39 except for the quantum dot GFG d here is for the composite operator.
The current formula Eq. (28) can be simply expressed as
where we introduce the bare current vertex function Γ (0)
Using the decoupling approximation in Eq. (20), we can rewrite the current formula as
Making comparison the above current formula with that of the non-interacting resonant tunneling model, one can find that the current formula for resonant tunneling model is quite similar to the above equation but without the presence of the correlation function K(t 1 , t 2 ). We may interpret the effects of the vibration mode on the electric tunneling in this system is represented by the renormalization of the current vertex function and also the induced self-energy in the GF G c . Now, we are ready to calculate the current-current correlation functions on the closed-time contour. We find that these correlation functions can be obtained by functional derivative of I η (t) with respect to λ η ′ (t ′ )
By using the following identity:
, and making the approximation δK(t1,t2) δλ η ′ (t ′ ) ≈ 0, which corresponds to neglecting the influence of the external measuring potential λ η ′ on the phonon dynamics, it is straightforward to obtain a generic expression for the current correlation function
The particle current correlation function S p ηη ′ , which appears in the self-energy of phonon GF in the last section, is given by the relation S
By using Eq. (27) and denoting the self-energy term Σ η (t,
, we can write the the current correlation function more explicitly as
Among various current correlation functions, the correlation function for current noise is of particular interest, since the frequency-dependent noise spectrum of current contains the intrinsic dynamics information of this quantum dot system. In a steady state without external time-dependent potential, the current fluctuations can be characterized by the nonsymmetrized noise spectra S > ηη ′ (ω) and S < ηη ′ (ω), which are given by the Fourier transform of the correlation function of current operators:
, respectively. Therefore, we have
and the symmetry relation S
. It should be noticed that the positive frequency part of S > ηη ′ (ω) contains the information about the photon emission spectrum of this system and the negative frequency part corresponds to the absorption spectrum. In many theoretical works, a symmetrized correlation function for current noise,
It is noted that the symmetrized noise power is given by the sum of two nonsymmetrized noise spectra:
In recent experiments based on on-chip quantum detectors, 32 it was shown that the nonsymmetrized noise spectra such as the absorption and emission parts of noise are more easy to be measured, hence we will concentre our investigation on the nonsymmetrized noise spectra of this system in this work.
The S > ηη ′ (t, t ′ ) is obtained straightforwardly from Eq.(34) by using Langreth's analytical continuation rules. 38 In the absence of external ac potential, we can transform it to the frequency space, and express it in terms of the Green's functions of molecular quantum dot explicitly as
where the self-energy termΣ η (ω) is the Fourier transform ofΣ
. It should be pointed out that here the notation for various products of GFs and self-energy terms is the same as that in Ref. 20 , but the above current noise formula is different, since the self-energy termΣ η (t, t ′ ) here is dressed by the phonon correlation function K, not the bare one induced solely by the hybridization between the leads and the dot.
The ac response properties of SMJ can be probed by measuring the change of the current in the lead η with respect to an applied ac potential in the lead η ′ , which can be characterized by the ac conductance response function
Differentiating with respect to the time variable t ′ gives
where the current-current response function
and the constant
In the frequency space Eq. (38) can be written as
(40) Here the real constant C ηη ′ can be calculated as
Therefore, the real part of ac conductance is given by
The above equation corresponds exactly to the out-of equilibrium fluctuation-dissipation theorem given in Ref. 33 . Hence, we can obtain the real part of ac conductance directly from the nonsymmetrized noise spectra.
V. RESULTS AND DISCUSSION
Now, we will carry out the numerical calculation of the current and the finite-frequency noise spectra through the SMJ by using the analytical expressions presented in the above section. For simplicity, we consider the system with symmetric tunneling coupling to the leads, with Γ L = Γ R = 0.1ω 0 , Γ = (Γ L + Γ R )/2, and assume the bias voltage is applied symmetrically, µ L/R = E F ± eV /2. Therefore, we can only consider the positive bias voltage case eV ≥ 0. In the following calculation, we will take the phonon frequency ω 0 = 1 as the unit of energy and the Fermi levels of the leads at equilibrium, µ L = µ R = E F = 0, as the reference of energy.
A. equilibrated and undamped phonon case
For better understanding of the phonon effects on the electron transport in this molecular junction system, we first present the results by assuming the phonons in equilibrium and using the bare phonon GFs. It can describe the systems with extremely strong energy dissipation of the vibration mode to a thermal bath, e.g., a substrate or a backgate. Therefore, the oscillator restores to its equilibrium state very quickly and can be described by an equilibrium Bose distribution n B = (e ω0/T − 1) −1 at temperature T . The phonon shift operator GF K(t, t ′ ) will be replaced by its equilibrium correlation function,
where φ(τ ) is defined as (
It is noted that in this approximation, the electron can emit or absorb phonons during the tunneling processes, but back-action of electron tunneling on the phonon distribution is neglected, except for the shift of the equilibrium position of the quantum oscillator.
We plot the current-voltage characteristics for different values of electron-phonon coupling strength in Fig.1 . A prominent feature shown in Fig.1 (a) and (b) is the Frank-Condon blockade effect as manifested by the drastic suppression of the current with increasing the value of electron-phonon coupling constant. Therefore, for the SMJ with strong electron-phonon coupling, the electron transport is effectively blocked at low bias voltage, which was predicted by Koch et al. 14 based on the rate equation approach and demonstrated unambiguously in recent experiment on suspended carbon nanotube quantum dots. 4 Another interesting feature is the plateau structure of the I-V curves in the nonlinear transport regime, which is attributed to the inelastic tunneling current: when the bias voltage is greater than the phonon energy, the inelastic tunneling channel with excitations of vibrational modes is opening, which leads to the upward steps of the total current. By making comparison between Fig.1 (a) and (b), one also observes that the current is greatly affected by the position of the energy level participated in electron tunneling processes. For the energy level turned away from the Fermi level as shown in Fig.1 (b) , the magnitude of current is significantly reduced in the low bias voltage regime.
Next, we study the current fluctuation properties in this SMJ. In the equilibrium case without bias voltage, the averaged tunneling current between the left and right leads is zero. However, the current fluctuations in the system still exist and can be detected by measuring the noise spectra. This noise spectra contain the information of the intrinsic dynamics of this system. In Fig.2 nonsymmetrized noise spectra of the left lead is illustrated. Since the noise power in the zero frequency limit corresponds to the well-known Johnson-Nyquist noise, S = 4k B T G, where G is the linear conductance and T is the temperature, in the zero temperature case, the noise power at zero frequency should be zero as indicated in the figure. It is also noted that for the nonsymmetrized noise spectra have nonzero values only in the positive-frequency parts, which correspond to the absorption noise spectra, at zero temperature and in equilibrium state. At finite frequency, pronounced phonon effects on the noise power density are observed for the system with strong electronphonon coupling, as indicated by the rapid increasing of noise power density at the frequency of integer multiples of the phonon frequency ω 0 . In the high frequency limit, it is noted that the noise power density approach a constant value of e 2 Γ/h even for the systems with different coupling constant g. In the equilibrium case and for the system with symmetric tunneling couplings, the noise spectrum in the right lead is equal to that of the left lead, therefore we only consider the noise spectra in the left lead here. For the system with finite bias voltage, the noise powers in the left and the right leads would be different. In Fig.3 (a) and (b) the nonsymmetrized noise spectra for the left and right lead at different bias voltages are plotted, respectively. Here we assume the renormalized dot levelǫ d = 1.5ω 0 . In the low bias voltage region, the absorption noise power densities at positive frequency shown in Fig. 3(a) have consecutive steps at the frequencies which enable new inelastic electron tunneling channels. The jump of noise power density at consecutive steps decreases in magnitude, which might be related to the Frank-Condon factor. We note that with the increasing of the bias voltage, the noise power in the left leads shifts to the low frequency part, and it can be interpreted as a result of increasing of the chemical potential µ L in the left lead. When the chemical potential µ L is above the dot levelǫ d , nonzero noise power appears in the negative frequency regime, which can be attributed to some photon emission processes during the electron tunneling from the left lead to the molecular dot. More interesting features of noise spectra are observed in the right lead side in Fig. 3(b) (the low chemical potential side). With increasing the bias voltage, the absorption noise power density merely shifts to the high frequency part at first. The reason is that in the low bias voltage regime, the bias potential is not large enough to induce significant electron tunneling through the SMJ, because the dot level ǫ d is well above the Fermi levels. As soon as there is bias induced electron tunneling (∆µ ≥ 3ω 0 ), significant noise powers are observed in the negative frequency and the low frequency parts as shown in Fig. 3(b) . We believe that the negative frequency part of noise power is resulted from the processes of energy dissipation of the tunneling electron to the drain electrode. It is interesting to notice that evident signatures of phonon effect can be found in this negative frequency part of noise spectra. A dip structure of the noise power at zero frequency is also revealed. Therefore, one may expect that measuring the noise power in the drain side can give rich information about the intrinsic dynamics of this system. The ac conductance is calculated from the nonsymmetrized noise spectra by using the nonequilibrium fluctuation-dissipation relation Eq. (42). In Fig. 4 we show the ac conductance in the linear response regime of system in the equilibrium case and at different values of EPI strength g. When the dot levelǫ d is located exactly at the Fermi level of the leads, a peak of ac conductance is found in the low frequency region as shown in Fig. 4(a) , and a unitary value of conductance is achieved in the zero frequency limit. The frequency dependence of ac conductance show pronounced phonon sidebands with sudden jumps of the conductance, which can be attributed to the phonon induced logarithmic singularities in the real part of electronic self-energy and also the step structure in the imaginary part. 23, 40 The ac conductance decreases as G LL (ω) ∼ 1/ω in the high frequency region. For the system with the dot level located above the Fermi level as shown in Fig. 4(b) , the maximum of the ac conductance is obtained at the frequency of finite value, and the conductance in the low frequency regime is greatly suppressed. With increasing the coupling constant g, the magnitude of the ac conductance is reduced in general, whereas the phonon effect gives rise to pronounced oscillating behavior in the line shape of the ac conductance. Therefore, it will be an effective way to study the phonon effects in experiments by measuring the ac conductance of this SMJ systems.
For the system with finite bias voltage, the linear responses to ac potential in the left and the right leads are plotted in Fig.5 (a) and (b) , respectively, and they show distinct features. By increasing the bias voltage, the low frequency part of the ac conductance in the left lead increases significantly, and as the Fermi level in the left lead approaches to the dot levelǫ d , a Drude peak of conductance at zero frequency is found in similar to a metallic state. On the contrary, the spectrum power of the ac conductance in the right lead is shifted to the high frequency as the bias voltage increases. The low frequency ac conductance is small at low bias voltage, and becomes significant when the phonons take part in the electron tunneling processes in the large bias situation. The phonon effect is manifested in the oscillation behavior of the ac conductances both in the left and right leads.
B. unequilibrated phonon with self-energy
For the system with the vibrational degrees of freedom being well isolated from the environment, the energy dissipation of the phonons is mainly through its coupling with the leads and the tunneling electrons, therefore, the lifetime of phonons can be long enough to be driven to an unequilibrated state. In this case, the equilibrium and bare phonon approximation might be invalid as soon as the SMJ is biased by a finite voltage and in the out of equilibrium case. The phonons in the molecular junction can be significantly heated, and they may greatly influence the current-voltage characteristics and the noise spectra of this system. By solving the self-consistent equations, we obtain the current I and phonon occupation number n ph vs. the bias voltage as shown in Fig. 6(a) and (b) , respectively. In Fig. 6 (a) the currents obtained by taking into account the phonon damping effect are also compared with that of the bare phonon approximation. One sees that in weak electron-phonon coupling (g = 0.5) case, the self-consistent result for the current only has small deviations from the bare phonon result. With increasing the coupling constant to g = 1.0, significant suppression of the tunneling current by unequilibrated phonon is observed in the high bias voltage region, and the current stepwise induced by inelastic tunneling with phonon excitations are also smeared. The occupation number n ph can be obtained from the lesser GF of phonon:
In the bare phonon approximation and at zero temperature, n ph always remains zero for the system with different bias voltages. After taking into account the phonon self-energy, the phonons on the vibration mode is driven to the out of equilibrium and the occupation number n ph increases with the bias voltage as shown in Fig. 6 (b) . For the strong electronphonon coupling case, the phonon number n ph increases more drastically than the weak coupling case. Therefore, the vibration mode of the SMJ is significantly heated by the applied bias between the source and drain.
In order to describe the nonequilibrium effect on vibration mode quantitatively, we plot the real and imaginary parts of the phonon GF at different bias in Fig. 6 (c) and (d), respectively. It is noted that the real part of phonon GF is an even function of the frequency and the imaginary part is an odd one, therefore only the positive frequency part is shown here. We take the coupling constant g = 1.0. There are two distinct features for the self-consistent results of the phonon GF compared with the bare phonon case: (i) the phonon frequency is softened to the low frequency region compared with the bare phonon frequency ω 0 , indicating a strong renormalization effect of phonon GF; (ii) with increasing the chemical potential difference ∆µ between the leads, the peaks for the imaginary part of GF are broadened as a result of the increased damping effect of vibrational mode in the out of equilibrium case. An important quantity for characterizing the fluctu-ations of averaged current in this SMJ is the zero frequency shot noise S 0 , which can be calculated by the definition:
, whereS ηη ′ (0) is the symmetrized noise power density at zero frequency. In Fig. 7(a) , we plot the zero frequency shot noise S 0 as functions of bias voltage V at different values of coupling constants g. It is observed that when the chemical potential of the left lead moves above the dot level (eV ≈ 2ǫ d = 3.0ω 0 ), the shot noise increases rapidly as well as the tunneling current(shown in Fig.  6(a) ). When the chemical potential difference between the leads reaches the threshold value to excite the vibrational mode in the molecular junction, phonon effects on the shot noise are observed in Fig. 7(a) . It is interesting to find that the shot noise contributed from the inelastic tunneling processes is negative, resulting a sudden suppression of shot noise at threshold values of voltage. This kind of negative contributions to shot noise has also been obtained in our previous calculation based on bare phonon approximation. 23 In a recent experiment on Au nanowires 41 with weak electron-phonon coupling, similar negative contributions of inelastic shot noise were observed, and they were ascribed to coherent two-electron tunneling processes mediated by phonon emission and the Pauli exclusion principles. 16, 41 However, it should be noted that the systems consider in this paper are molecular junctions with Γ ≪ ω 0 , instead of the Γ ≫ ω 0 case in the experiment on Au nanowires. In Fig. 7(a) we find that the negative corrections of noise are most evident at intermediate values of electron-phonon interaction and will be smeared out in the strong coupling regime. It is also noted that the positions of the sudden suppressions on the shot noise are slightly shifted for the systems with different EPI strength g, as a result of the renormalized phonon frequencies induced by EPI being different. Another useful quantity to characterize the strength of noise is the so-called Fano factor F , which is defined as the ratio of the shot noise to the Possion value, F = S 0 /2eI. In Fig. 7(b) the Fano factor vs. the bias voltage is plotted. The large Fano factor in the low bias voltage region is unphysical, which is due to the inaccuracy of numerical calculation, since the magnitude of current is very small in this region. Therefore, in general, the Fano factor is less than one. One interesting feature in this electronphonon coupling system is that the Fano factor F exhibits rich oscillating structures as a function of the bias voltage. Several downward jumps of the Fano factor in conjunction with upward steps of current are observed due to the opening of new inelastic tunneling channels. In the large bias voltage limit, the Fano factors approach to 1/2 , which is in accordance with the Fano factor of a resonant tunneling model for a symmetric tunneling junction.
The current noise spectra for the left and right leads at different bias voltages obtained by self-consistent calculations are given in Fig. 8(a) and (b) , respectively. The overall features of these nonsymmetrized noise spectra are similar to the results shown in Fig.3 , where an equi- librated bare phonon approximation is assumed. One sees that in low bias voltage case, only absorption noise spectra in the positive frequency region are observed. As soon as the Fermi level in the left lead is aligned with the dot level, the tunneling current increases significantly, and the emission noise spectra in the negative frequency region becomes evident. Some signatures on the noise power density due to inelastic electron tunnelings with phonon emissions can still be observed in this calculation with the phonon self-energy taken into account. However, the inelastic tunneling signatures on the noise spectra are not as distinct as the undamped phonon case shown in Fig.3 .
VI. CONCLUSIONS
The finite frequency current noise and the ac conductance in a SMJ have been investigated in this paper based on a self-consistent perturbation theory. We show that the study of the self-energy and the damping effect of vibrational degree of freedom involves in the calculation of the current fluctuations and the noise spectra in the system, therefore, these physical quantities have been obtained concurrently and in a self-consistent way. The functional derivative with respect to the timedependent counting field defined on Keldysh time-closed contour provides a convenient tool for calculating various current-current correlation functions, which is in the same spirit as the counting field approach to the calculation of the zero frequency shot noise and also the other high order culmulants of current in charge transport through junctions. We have investigated two dif-ferent situations theoretically: At first, we assume the bare phonon GF and the equilibrium phonon approximation, It is shown that both the absorption noise spectra and the ac conductance in the linear response regime exhibit pronounced features of inelastic electron tunneling effects. In the out of equilibrium case, the emission noise spectra in the drain side of electrode show evident characteristics of phonon emissions. Secondary, the unequilibrated phonons taking into account the self-energies case is considered. There are significantly softening of the vibration frequency of phonon due to the interaction effect and the phonon damping effects with increasing the bias voltage. The phonon occupation number becomes large in the presence of a large bias voltage, indicating the heating of vibrational modes in this molecular junction. The absorption and emission noise spectra also exhibit some features of the inelastic electron tunneling effects in this case. Recent experiments on the molecular junctions made of single-walled carbon tubes have shown strong electron-vibron coupling and high quality factor of the vibrational mode. 42, 43 We may expect the results obtained in this paper on the inelastic features of the finite-frequency noise spectra and ac conductance can be probed by future experiments on such kind of SMJs with on-chip detecting techniques.
